/B/08/ Z085475/Z/08/Z CACNA1C-rs1006737 and ZNF804A-rs1344706 polymorphisms are among the most robustly associated with schizophrenia (SCZ) and bipolar disorder (BD), and recently with brain phenotypes. As these patients show abnormal verbal fluency (VF) and related brain activation, we asked whether the latter was affected by these polymorphisms (alone and in interaction)-to better understand how they might induce risk. We recently reported effects on functional VFrelated (for ZNF804A-rs1344706) and structural (for both) connectivity. We genotyped and fMRI-scanned 54 SCZ, 40 BD and 80 controls during VF. With SPM, we assessed the main effect of CACNA1C-rs1006737, and its interaction with ZNF804A-rs1344706, and their interaction with diagnosis, on regional brain activation and functional connectivity (psychophysiological interactions-PPI). Using public data, we reported effects of CACNA1C-rs1006737 and diagnosis on brain expression. The CACNA1C-rs1006737 risk allele was associated with increased activation, particularly in the bilateral prefronto-temporal cortex and thalamus; decreased PPI, especially in the left temporal cortex; and gene expression in white matter and the cerebellum. We also found unprecedented evidence for epistasis (interaction between genetic polymorphisms) in the caudate nucleus, thalamus, and cingulate and temporal cortical activation; and CACNA1C up-regulation in SCZ and BD parietal cortices. Some effects were dependent on BD/SCZ diagnosis. All imaging results were whole-brain, voxel-wise, and familywise-error corrected. Our results support evidence implicating CACNA1C and ZNF804A in BD and SCZ, adding novel imaging evidence in clinical populations, and of epistasis-which needs further replication. Further scrutiny of the inherent neurobiological mechanisms may disclose their potential as putative drug targets.
This may suggest that either an increase or decrease of calcium influx in excitable cells might be associated with SCZ or BD, as both could lead to changes in monoamine neurotransmitter synthesis and release 10 -which has, indeed, been associated with other psychiatric disorders. 11 In terms of anatomy, the same CACNA1C rs1006737 risk allele, has been associated with increased total and fronto-limbic white matter volume, 12 albeit only after a few earlier negative findings. 13, 14 Regarding white matter, after a reported association with reduced microstructural integrity in the right hippocampal formation in healthy Caucasians, 15 we have published, for the first time using whole-brain tract-based spatial statistics, an association with reduced microstructural integrity. This effect was found within SCZ subjects (but not controls or BD), in portions of the left middle occipital and parahippocampal gyri, right cerebellum, left optic radiation and left inferior and superior temporal gyri 16 -consistent with previous voxel-based findings. 17 We also found the first evidence of an additive interaction of the CACNA1C and ZNF804A genotype on white matter microstructure. 16 Both risk alleles' concomitant presence in BD was associated with decreased integrity in the body of the corpus callosum, the right superior and left anterior corona radiata, comparatively more than in healthy controls. This finding is consistent with the hypothesis that both these polymorphisms increase risk for psychosis.
In terms of brain function, healthy risk allele (A) carriers have shown: (1) a trend for increased left precuneus and left inferior frontal activation in healthy volunteers during semantic verbal fluency 18 and (2) a trend for increased prefrontal activation during working memory. 8 Both frontal effects, given that performance level was controlled for, could be interpreted as lower efficiency-which is also found in SCZ relatively to controls. 3 However, the latter was contested by another study that surprisingly found the reverse effect in healthy subjects: the risk allele homozygous showing less activity vs G-allele carriers in the right dorsolateral prefrontal cortex. 19 Increased functional connectivity between that region and the bilateral hippocampal formations (dose-dependently) was also found, which, interestingly, mimics some ZNF804A rs1344706 risk allele's findings, suggesting a common downstream pathway for both risk variants. 3 As replication is key to clarify cause-effect assumptions in correlational approaches, we asked whether we could reproduce the above pattern of findings for CACNA1C's role on brain function-and help clarify inconsistencies.
Regarding the impact of ZNF804A rs1344706 genotype, the risk allele A has been extensively associated with alterations in connectivity, and, to a lesser extent, in brain activation. 3 The risk allele A was recently associated in verbal fluency with decreased functional coupling between the left precentral gyrus/inferior frontal gyrus and both the left inferior frontal gyrus and the left posterior cingulate gyrus, encompassing the precuneus. 20 This converges with findings showing intra-and inter-hemispheric prefrontal connectivity decrease (albeit not always) in other tasks, 3 abnormal white matter microstructure, 21 and with the disconnection hypothesis of SCZ. 3 Finally, the risk allele A was also associated during verbal fluency with higher regional activation in BD, but the reverse in healthy controls, in the left inferior frontal gyrus, pars opercularis/triangularis, 20 supporting a previous finding in healthy subjects during theory-of-mind. 3 Thus, in addition, in this study we assessed, for the first time, interaction between these polymorphisms (ie, epistasis) in clinical samples of BD and SCZ. We inferred the main effect of CACNA1C rs1006737 genotype (or, rather, the linkage disequilibrium block it tags) and its interaction with ZNF804A rs1344706 genotype, on regional brain activations and functional connectivity, including that under psychophysiological interaction (PPI), during verbal fluencyacross healthy volunteers, and SCZ and BD patients. We also tested for genotype associations that would be dependent on diagnosis. We used verbal fluency as we, using an overlapping sample to the present one, 22 and others, have shown that it is [23] [24] [25] [26] -as are its neural correlates 27, 28 -impaired in psychosis, especially in SCZ. CACNA1C risk allele A was expected to be associated with less efficient regional activation and with functional connectivity disruptions during verbal fluency. This is given previous evidence of its effect on regional activation, 8, 18 and functional 19 and structural [15] [16] [17] connectivity. We also expected that these individual effects of the risk allele might be augmented by the presence of the risk allele A of ZNF804A rs1344706 which we have recently found to have a putatively detrimental effect during the same task and sample as the present onesthat is, of decreased left ipsilateral prefrontal functional connectivity across diagnoses. 20 In other words, we predicted that the presence of both risk alleles would be associated with the most inefficient activation and/or disrupted functional connectivity-mimicking our abovementioned findings in white matter. 16 To lend possible converging evidence to our neuroimaging findings, we further enquired, using an online public brain gene expression database, whether these SNPs affected gene expression (ie, were expression quantitative trait loci; eQTLs) in each of 10 post-mortem human brain areas. With a second database, we tested diagnosis-wise differences in these genes' expression in several brain areas (comparing SCZ, BP and healthy subjects). substance dependency according to DSM-IV diagnostic criteria. The study was approved by the National Health Service (NHS) South East
| MATERIALS AND METHODS

| Sample
London Research Ethics Committee, UK (Project "Genetics and Psychosis (GAP)" reference number 047/04). All subjects gave written informed consent.
Genotyping for the CACNA1C rs1006737 and the ZNF804A
rs1344706 SNPs was performed using standard genotyping techniques we previously described. 16, 21 Possible genotype outcomes for CACNA1C were A homozygous (AA, adenine-adenine), heterozygous (AG, adenine-guanine) and G homozygous (GG, guanine-guanine), and for ZNF804A were A homozygous (AA, adenine-adenine), heterozygous (AC, adenine-cytosine) or C homozygous (CC, cytosine-cytosine).
Given the unbalanced frequency of allele counts in the Caucasian Table S1 .
Demographic differences between diagnostic and/or genotype groups were analysed using the R software 31 using χ-square tests for categorical variables and independent t-tests and analysis of variance (ANOVA) for continuous variables. There were no significant differences in age, years of education, ethnicity or handedness between the groups of diagnosis, genotypes or genotypes in each diagnosis. As expected, IQ significantly differed (P < 0.001) between diagnoses, being significantly lower in SCZ compared to controls (or BD)-but there were no significant differences in IQ between genotype groups (of either gene). Diagnoses also significantly (P < 0.001) differed in gender with more males in SCZ than in BD and more females in controls than in SCZ. The patient groups differed in chlorpromazine (CPZ) equivalents in medication (P < 0.001) with SCZ having a higher load than BD, as expected given current treatment strategies.
| Verbal fluency task and image acquisition
The verbal fluency task and image acquisition was performed as previously described elsewhere 32 (see Appendix S1 for details). Briefly, subjects were required to overtly generate a word starting with a visually displayed letter; or overtly read the word "rest" (control or "repetition" condition). Task difficulty, although not factored in the group analysis, was manipulated by presenting separate, and counterbalanced, sets of "easy" and "hard" letters. After the pre-processing steps, statistical analysis of regional responses in a subject-specific fashion was performed using SPM, by convolving each onset time with a synthetic haemodynamic response function (HRF). 33 The ensuing event-related (general linear) model comprised five experimental regressors: (1) easy; (2) repetition-easy; (3) hard; (4) repetition-hard; (5) incorrect responses. The latter was excluded from the group analysis so we could control for differences in task performance (and, as such, restrict our inferences to scans corresponding to correct responses). Data were high-passed filtered with a cut-off period of 128 seconds using a set of discrete cosine basis function. Parameter estimates were calculated for all brain voxels using a general linear model, and contrast images for "verbal fluency (easy plus hard) > repetition (easy plus hard)" were computed for each subject to test for a main effect of task. The second (between-subject or group) level inferences were made using the standard summary statistic approach. This involved entering the subject-specific contrast images for "verbal fluency (easy plus hard) > repetition (easy plus hard)" into a 3 × 2 × 2 full-factorial ANOVA ("Diagnosis" × "ZNF804A-
[A complementary analysis was performed where the levels of "Diagnosis" were "healthy volunteers"
and "patients with psychosis" (ie, all SCZ plus 75% of the BD patients)]. Since the superior region of the prefrontal cortex was not scanned in a sub-group of subjects, it was automatically excluded from the group analyses. We tested the main effect of CACNA1C genotype and of its interaction with ZNF804A genotype and/or with diagnosis. The main effect of ZNF804A genotype is not reported herein, as it has already been reported in a previous study using the same sample, 20 and the effect of task has also been described in a highly overlapping sample. 22 The main effect of diagnosis is reported as Supporting information, as it has been discussed using a subset of the present sample earlier. 22 For functional connectivity, we used the same subject and grouplevel models as above, this time using (instead of activation) coupling (ie, time-correlated activation) between each subject-specific seed region and the remaining brain. Those seeds were defined, per subject, as the coordinates where the main effect of task was the highest, within a 6-mm radius sphere ROI centred on the group maximum (ie, left precentral gyrus/inferior frontal gyrus, pars opercularis, tagged by its peak coordinates: −44 4 34). To test for condition-specific changes in connectivity we used a PPI analysis, using the same previous sub- In addition to a whole-brain approach, we ran one additional analysis with selected regions-of-interest (ROIs) reported in two previous studies finding an effect of CACNA1C rs1006737 in semantic verbal fluency 18 and working memory. 8 These ROIs were derived from the automated anatomical atlas (AAL) 34 and the Talairach Daemon database in Wake Forest University PickAtlas [35] [36] [37] (version 3.0.5). From the former 18 we derived a mask formed by the left precuneus and inferior frontal gyrus, and from the latter, 8 one comprising the Brodmann areas 9, 10 and 46. Additionally, the selected ROI masks were also defined using 10 mm spheres centred in their respective peak coordinates (obtained from the given studies). These post-hoc analyses allowed us to further clarify inconsistences in the published literature.
Significant findings are reported as so, if they survive voxel-wise familywise rate error (FWE) correction for multiple comparisons at P < 0.05 across the whole brain (or within the ROI, for the ROI analyses), and at a cluster size ≥5. All other results are considered 'trends'.
In order to assess how much of the inter-individual (+ error) variance in blood oxygen level-dependent activation on the voxel of peak effect of each reported effect was explained by genotype, we calculated the η p 2 (partial eta squared) measure of effect size using R software. 31 Brain regions are labelled using an automatic-labelling atlas 34 and confirmatory visual inspection of a manual book atlas. 38 Post-hoc analysis exploring the driving force of the significant interaction effects between genotypes and/or diagnosis are contained as Supporting information. Finally, in order to ascertain that none of our extraneous variables confounded, or added significant noise to our imaging results, extra analyses were performed as described in Appendix S1.
| Gene expression analyses
To test whether the CACNA1C rs1006737 risk variant (or other variants tagged by it in the same linkage disequilibrium block) affected any genes' mRNA expression level (ie, was an eQTL), we used the publicly available Braineac database-which includes genotypic and microarray profiling of 10 brain regions of 134 neuropathologically normal individuals with European descent 39 (cerebellar cortex, frontal cortex, hippocampus, medulla oblongata, occipital cortex, putamen, substantia nigra, temporal cortex, thalamus, and intralobular white matter). Expression levels from exon-specific probes and total transcripts (Winsorised mean over exon-specific levels) were used to determine the association between this SNP and the expression of mRNA of all genes distant less than 1 MB (cis-eQTL analysis), considering its transcription initiation site. We focused on cis-eQTL associations as these are more likely to truly reflect direct effects of a genomic variant on gene expression. 40 More detailed information is described in the Braineac database. 39 The same approach was followed for ZNF804A rs1344706 in our recent paper regarding that gene. 20 For completeness, we also analysed Allen Brain Atlas data to define maps of CACNA1C expression in the human brain. Normalized log2 expression data relative to 3 probes targeting CACNA1C mRNA were downloaded. The probe presenting higher variance was selected based on the fact that it may more accurately represent gene distribution across the brain structures available. Mean-normalized z-scores were then calculated. Enriched areas were defined for a threshold of
Irrespective of diagnosis, the CACNA1C rs1006737 risk allele A was significantly associated (voxel-level FWE P < 0.05) with greater activation in the right (R) thalamus (Z = 4.44, η p 2 = 2.95%), and the left (L) middle frontal gyrus (Z = 4.32; Figure 1 ; Table 1) . At a trend level (ie, with a cluster less than 5 voxels, k < 5), the same effect was found in the L thalamus (Z = 4.27, η p 2 = 3.02%).
When inspecting each diagnostic group separately, we found that in the BD group alone, the above effect was also significant (whole- No other diagnostic group alone showed significant effects of CAC-NA1C genotype.
When inspecting only patients with a history of psychosis, we found that the risk allele A was associated as a trend with decreased deactivation in the R precuneus (Z = 4.24, η p 2 = 9.61%).
| CACNA1C by diagnosis interaction
The effect of increased activation associated with risk allele A was significantly (voxel-level FWE P < 0.05) higher in BD than in healthy vol- 
| CACNA1C by ZNF804A genotype epistasis
Irrespective of diagnostic group, there was no significant interaction between genotypes anywhere in brain.
When inspecting the healthy volunteers group alone, a significant 2-way genotype (at whole-brain voxel-level FWE P < 0.05) interaction was found (Table 1) : CACNA1C risk allele carriers activated less than non-risk allele homozygotes, within the ZNF804A risk allele homozygotes group, but the reverse was seen for ZNF804A non-risk allele carriers. This effect was found bilaterally in the precuneus (Z = 5.05, No other significant interactions between the ZNF804A and CAC-NA1C genotypes were found when inspecting the BD, SCZ alone or all patients with a history of psychosis groups as a whole.
| ZNF804A by CACNA1C by diagnosis interaction
There were significant 3-way interactions between the ZNF804A genotype, CACNA1C genotype and diagnosis (at voxel-level FWE P < 0.05; Table 1 AA, adenine-adenine; AG, adenine-guanine; BD, bipolar disorder; GG, guanine-guanine; L, left; PSYCH, patients with a history of psychosis; R, right; SCZ, schizophrenia. All inferences correspond to results corrected for whole-brain voxel-wise FWE multiple comparisons correction at P < 0.05. Cluster size (k) is given only for the peak of each cluster. gyri. This means that, in their respective areas, in each patient group, the CACNA1C risk allele carriers activated more (which in the anterior cerebellum, for this task, signified decreased deactivation) than non-risk allele homozygotes, in the ZNF804A risk allele homozygotes group, but the reverse was seen for ZNF804A non-risk allele carriers.
When comparing both patient groups, this genotype interaction effect was found, as trend (k < 5), to be more pronounced in BD than in SCZ in the R medial caudate nucleus (Z = 4.20, η p 2 = 10.24%).
The previous genotype interaction was also found, at trend level, to be more pronounced in patients with a history of psychosis than in controls in the R anterior thalamus (Z = 4.20, η p 2 = 8.87%).
| Psycho-physiological interaction connectivity
For the CACNA1C SNP, there was a significant (voxel-level FWE P < 0.05) genotype by diagnosis interaction in condition-specific connectivity between the seed region (L precentral gyrus/inferior frontal gyrus) and the L superior temporal gyrus (Z = 5.07; Figure 1 ), L middle temporal gyrus (Z = 4.80), whereby the risk allele carriers showed decreased connectivity vs non-risk allele homozygotes in SCZ, but not in controls (Table 1 ). In addition, this same interaction effect was found, as trend, in the L supramarginal gyrus (Z = 4.29), and, in the SCZ alone, in the L superior temporal gyrus (Z = 4.36).
Inspecting the control group alone, we found increased connectivity between the seed region and the R precuneus (Z = 4.51).
No significant epistatic effects, or of diagnosis, were found.
| Region-of-interest analysis
No significant genotype effects were found at voxel-level FWE P < 0.05 when using either a mask using the pre-selected Brodmann areas or spheres to restrict the analysis to previously implicated brain areas in the published literature.
FIGURE 3
Three-way interactions between the ZNF804A rs1344706, CACNA1C rs1006737 genotype and diagnosis on "verbal fluency > repetition" activation. Among the CACNA1C risk allele (A) carriers, ZNF804A risk allele A homozygotes activated more than their counterparts, whereas the opposite applied in CACNA1C non-risk allele (G) homozygotes, at whole-brain voxel-wise FWE P < 0.05. (A) Interaction, where BD and controls were contrasted, in the R thalamus (plotted) and caudate nucleus bilaterally. (B) Interaction, where SCZ and controls were contrasted, in the L superior and middle temporal gyrus (plotted)
| Potentially confounding factors
We found no variable to have an effect (at P < 0.01, uncorrected) on brain activation in areas that we report as being under a genotype effect. We also found no relevant change in effect size or foci of activation of genotype effects when these variables were introduced in the SPM ANOVA. Thirdly, no variable correlated with the peak activations values retrieved from our genotype effect analyses.
| Gene expression
Using the Allen Brain Atlas, we found CACNA1C rs1006737 risk allele
A to be associated with reduced mRNA levels of CACNA1C in total transcript levels (P > 0.05, FDR-corrected) in the cerebellum and trends for exon-specific probes in the cerebellum and white matter (Table S6 ). CACNA1C enriched areas were identified in the thalamic nuclei, denteate gyrus, frontal and occipital poles. Detailed information is presented in Appendix S3.
| DISCUSSION
In summary, we assessed the main effect of CACNA1C rs1006737 genotype and, unprecedentedly, its epistatic interplay with ZNF804A rs1344706-and whether these effects were altered in SCZ and BD groups-in regional brain activation and functional connectivity during verbal fluency-a task which engages brain regions and cognitive processes impaired in the two disorders. We found the CACNA1C genotype to modulate both brain activation and task-dependent effective connectivity-as assessed with PPI. We also found some of the genotype effects in some brain areas to be particularly pronounced in SCZ, BD or compared to health. In addition, we found an interaction effect of CACNA1C and ZNF804A genotypes on regional brain activation.
We found CACNA1C rs1006737 SNP to be associated with inefficient activation (ie, increased activation when only correct trials were analysed, as we did) in prefrontal regions, which are typically implicated in SZ and BD. The superior temporal gyri bilaterally, the R middle temporal gyrus, the L occipital gyrus (whether or not within the calcarine sulcus area), and the L lingual gyrus were under a significant genotype x diagnosis interaction, whereby the presence of the risk allele increased inefficient activation in BD patients much more than in controls. Furthermore, this same effect was present, as trend, in the L middle frontal gyrus and R angular gyrus. In fact, in most of these areas, the genotype effect was significant in BD alone. The same interaction effect was also found as trend when considering SCZ vs controls, in the adjacent R inferior frontal gyrus, pars opercularis.
When all psychotic patients were grouped together against controls, the interaction effects survived in the L middle frontal gyrus and in the L occipital gyrus within the calcarine sulcus area.
Our above findings support previous studies implicating the same polymorphism in semantic verbal fluency 18 and working memory 8 neural correlates (even though not consistently 19 ). However, while these studies showed this in healthy volunteers-not having tested a clinical population-we show it to be significantly stronger in BD and SCZ, for the first time. As mentioned, given that task performance has been controlled for, increased activation in the risk genotype group could be interpreted as lower neuronal efficiency. This is compatible with the same observation of inefficiency, in an ill group, being found (as well as lower performance), for verbal fluency, in SCZ and, albeit less severely, of BD. 3, 25, 41, 42 The rationale is that once there is impaired prefrontal capacity (provided by a risk genotype or illness), additional activation of local neuronal resources may be needed in order to maintain a good-enough task performance. No areas showed the opposite effect, that is, over-activation in the protective genotype group.
Sub-cortically, the thalamus showed greater activation, bilaterally (albeit as a trend in the L thalamus), in risk allele carriers, irrespective of diagnosis (with the effect in the R thalamus also being significant in BD patients on their own). The thalamus plays a critical role in the coordination of information as it passes between several brain regions. 43 A disruption of that information flow may give rise to some of the cardinal symptoms of SCZ and BD, 44 as suggested by previous studies showing: (1) altered thalamic volumes in BD and SCZ patients 45, 46 ; (2) We also report, for the first time, CACNA1C and ZNF804A epistases on brain activation. We predicted, and found, that their respective GWAs-implicated SNPs would interact in an additive manner, with the most inefficient activation occurring when both risk alleles were present (compared to just one or the other being present). This interaction effect was also significantly stronger in the SCZ and BD groups when contrasted individually against the control group. In SCZ, this was seen in the L superior and middle temporal gyrus and in BD, in the anterior cerebellum (vermis), the R thalamus and the caudate nucleus (an area specifically implicated in psychosis). 50 When the psychotic patients were contrasted against controls, the epistatic effect was stronger, at trend level, in the R anterior thalamus.
The abnormal thalamic responses above are quite consistent with thalamus-based explanations for the "cognitive dysmetria" of SCZ that has been proposed to underlie cognitive and fluency effects in the ill- In line with the caudate nucleus being especially implicated in positive symptoms of psychosis, we found this area to show an additive effect of the risk alleles, which was stronger in SCZ than BD in the R caudate nucleus at trend level. This region belongs to the striatum, which has been repeatedly implicated in the positive (ie, psychotic) symptoms of SCZ 53, 54 and with abnormal dopamine levels. [54] [55] [56] [57] These findings are consistent with the hypothesis that both these polymorphisms increase risk for psychosis. The two-SNP additive interaction was not seen independently of diagnosis, nor was the opposite direction of effect seen anywhere in the brain. The former suggests that the existence of other factors specific to SCZ, BD or psychosis make subjects more susceptible to the potential detrimental effects on brain function of the simultaneous presence of both the risk variants of these genome-wide associated polymorphisms.
In terms of task-specific effects on connectivity, we have also found a significant genotype by diagnosis interaction: the risk allele was associated with an intra-hemispheric connectivity decrease between the L precentral gyrus/inferior frontal gyrus, pars opercularis and the ipsilateral superior temporal gyrus, middle temporal gyrus and supramarginal (as trend) gyrus in SCZ but not in controls. In the first area, the decrease was indeed found as a trend in SCZ alone. These cortical effects are particularly consistent with our recent results
showing this risk variant to be associated with decreased microstructural white matter integrity also in the L inferior and superior temporal gyri, and also found in SCZ only. 16 Further support comes as well from reduced white matter integrity findings from others, also specifically in SCZ patients and in the same hemisphere and cortical areas: L temporal lobe 17 (more precisely in the L inferior and superior temporal gyrus 16 ) and L parietal lobe. 17 Our results are also consistent with previous independent findings in emotional face processing whereby the risk allele is associated with amygdalar functional connectivity with the L fronto-temporal areas. 58 Importantly, the above effects on functional and structural connectivity are further consistent with our gene expression findings: a novel association of the CACNA1C rs1006737 risk allele with reduced mRNA levels of CACNA1C in white matter. This has also been independently found in the superior temporal gyrus, 59 an area typically affected in BD and SCZ. 60 Nevertheless, other studies with the dorsolateral prefrontal cortex 8 and human induced-neurons, 9 suggest the risk allele may also increase CACNA1C transcription at least in other areas-which may reflect a very finely tuned regulation of this gene in the brain.
The risk allele association with reduced gene expression was also found in the cerebellum-which is a direct replication of a previous independent work. 10 Indeed, we found this area to be recruited in "verbal fluency" compared to "repetition" (control) trials, 20 as has been implicated by others using this task . 61 Further studies using specific cerebellum-recruiting paradigms (ie, sensorimotor tasks) will allow a clearer examination of this polymorphism's impact on cerebellar function.
Finally, we provide a brain region-and structure-based map of CACNA1C mRNA distribution in the human brain. We identified the thalamic nuclei, the dentate gyrus, and the frontal and occipital poles as areas enriched in CACNA1C mRNA expression. Although limited by the possible discordance between mRNA and protein levels, this is the most detailed map so far published of the putative distribution of CACNA1C in the human brain. The data gathered may improve the interpretation of both future pharmaco-imaging and imaging genetics endeavours exploring the role of this channel in the human brain, based on the fact that if positive findings could be achieved it is more likely that they appear in areas where the channel is most expressed and presumably more important from a functional point of view.
As a limitation of our ANOVA interaction tests, we note that the size in each of the smallest homogeneous groups (or "cells" in the parametric design matrix) which combine the diagnostic group, the ZNF804A rs1344706 and the CACNA1C rs1006737 genotype, is modest, albeit the vast majority (10 in 12 groups) is over 10 subjects and up to 26 subjects (see Section 2) . Although the sample size we used herein compares well with that of contemporary functional imaging genetic studies of these and other SCZ-and BD-risk polymorphisms, 3 we recommend future independent and meta-analytical evidence is gathered to confirm these genes' role, and their interplay, at the systems brain level.
| CONCLUSIONS
We have shown an effect of CACNA1C rs1006737 on brain activation, task-dependent functional connectivity and gene expression. We have also found unprecedented evidence of epistasis of CACNA1C and ZNF804A genotypes on brain activation during verbal fluency. Several of these effects were highly dependent on both BD or SCZ diagnosis. 
